[1] Layers in the upper martian crust record a complex history of deposition and erosion. We examined a region between 2°-9°N, 1°-8°W and found that light-toned, layered, sedimentary rocks in northwest Sinus Meridiani also occur in southwest Arabia Terra, where they are mantled by dust. The rocks are divided into four distinct stratigraphic units. Impact craters of diameters 30-60 km are interbedded with the $200 m-thick units, attesting to their antiquity, revealing the presence of temporal unconformities between units, and indicating that the sequence spans considerable time. A crater at 8°N, 7°W, containing hundreds of repeated sedimentary layers, is stratigraphically lower than most of the four-unit section. The layers in the crater formed in a different environment than the layered material outside the crater. Deciphering the geologic history of Mars requires recognition that the planet has more than a cratered surface; its crust is a cratered volume. 
Introduction
[2] On Mars, as on Earth, sedimentary rocks preserve a record of past environments. Layered sediments, exhibiting the physical characteristics of rock, occur in dozens of craters, depressions, troughs, and intercrater plains across the martian surface Edgett, 2000, 2001] . However, large, regional-scale exposures are rare because most terrain is covered by mantles of dust, silt, and sand. Northern Sinus Meridiani (9°N-3°S, 10°W-9°E) is the exception. The region presents Colorado Plateau-scale outcrops of light-toned, cliff-forming, sedimentary material that cover at least 300,000 km 2 (the Colorado Plateau covers $260,000 km 2 ). Since 1997, >600 high resolution (1.5-6.0 m/pixel) Mars Global Surveyor (MGS) Mars Orbiter Camera (MOC) images have been acquired in Sinus Meridiani, each with the goal of deciphering outcrop stratigraphy. Our initial effort, described here, focuses on a $176,000 km 2 area in northwest Sinus Meridiani and southwest Arabia Terra (Figure 1 ). The data employed include MOC images, MGS Mars Orbiter Laser Altimeter (MOLA) topography, Viking orbiter images, and a Phobos 2 Termoscan 8.0 -12.5 mm image.
Regional Characteristics and Outcrop Properties
[3] Layers in northern Sinus Meridiani are vertically heterogeneous and exhibit lateral continuity over hundreds of kilometers [Malin and Edgett, 2000] . The materials have well-defined, characteristic attributes: variations in physical properties that produce cliffs, buttes, and pinnacles during erosion (e.g., MOC images M20-01357, E04-01109); bedding (horizontal, thin, and vertically repetitious to massive at MOC image scales); variations in albedo from one layer to the next; and erosional geomorphic expressions identifiable throughout the region [Malin and Edgett, 2000] .
[4] The Sinus Meridiani outcrops are inferred to be rock because, under erosional attack, the material forms and maintains near-vertical cliffs >20 m, and in some places >100 m, high. Viking, Phobos 2, and MGS thermal observations also contribute to the rock interpretation. The rock abundance (derived from Viking Infrared Thermal Mapper data at 2°/pixel scale by Christensen [1986] ) of some outcrop surfaces is !25%. This is the highest rock abundance on the planet mapped by Christensen [1986] ; it suggests considerable areal exposure of decimeter-scale rocks or bedrock. In the 1.8 km/pixel Termoscan image (Figure 2 ), the layered materials are cooler (15 -20 K) than their surroundings in early afternoon, indicating a higher thermal inertia, qualitatively consistent with dense material. The Termoscan image also shows the materials have different thermophysical properties from one exposed layer surface to another. The thermal inertia of these surfaces is high relative to most of Mars (410-485 J m À2 K À1 s À0.5 , derived from MGS Thermal Emission Spectrometer data at $3 km/pixel scale by Mellon et al. [2000] ). If the outcrops were unconsolidated (which they are not), the thermal inertia would be consistent with very coarse sand. Instead, given the outcrop expression, the thermal inertia indicates dense or indurated material with a patchy, thin covering of finer debris.
[5] Layers are also evident north and northwest of Sinus Meridiani in the heavily cratered terrain of western Arabia Terra. Sequences of tens to hundreds of beds of similar and repeated thickness occur in many west Arabia Terra craters ( Figure 3a ) [Malin and Edgett, 2000; Edgett, 2002] . The intercrater terrain is also layered; in most places, these layers are covered by >1 m-thick mantles of smoothsurfaced material, considered to be dust (possibly somewhat indurated) deposited from eolian suspension [Presley and Arvidson, 1988; Edgett, 2002] .
[6] A variety of origins for the layered material have been proposed, including paleopolar, volcaniclastic, eolian, and GEOPHYSICAL RESEARCH LETTERS, VOL. 29, NO. 24, 2179 , doi:10.1029 /2002GL016515, 2002 Copyright 2002 by the American Geophysical Union. 0094-8276/02/2002GL016515 subaqueous sedimentary [Scott and Tanaka, 1986; Schultz and Lutz, 1988; Edgett and Parker, 1997; Chapman and Tanaka, 2002; Hynek et al., 2002] . MOC image results have not borne out the proposed geomorphic and stratigraphic resemblance of Sinus Meridiani outcrops to polar layered deposits; they have not supported the claim of a shoreline in Sinus Meridiani; nor do any indisputable volcanic vents or flows occur within thousands of kilometers of the region Edgett, 2000, 2001] .
Stratigraphic Observations
[7] Critical to establishing a regional stratigraphic framework is recognition that a specific suite of layered material forms a marker horizon identified not only throughout the study area (Figures 3b-3g ), but also across most of northern Sinus Meridiani (e.g., MOC images M02-03531, M12-01466, M17-01233). The manifestation used to trace this suite of layers is their erosional form: a loose network of broad ridges, in some places creating an almost polygonal pattern when viewed from above (Figure 3b-3g) . Where best exposed (e.g., Figure 3g ; MOC images M02-00448, E11-02836), the ridges are seen to be layered and, in some locations, show an affinity for co-location with remnants of buried and partially-exhumed impact craters (e.g., MOC images M03-01935; M07-00489). Layers within the ridges are horizontal and indicate that the ridges are not a result of deformation; they are a product of the differential erosion of a vertically and laterally heterogeneous material. Further complexity is indicated by small (60 -80 m), exhumed craters located between the layers (Figure 3g ), denoting multiple unconformities within the unit.
[8] Views of the study region from Viking orbiter images (369S31-369S38), MOC red wide angle images (Figure 1a) , and MOLA topography (Figure 1b) , show that the ridgeforming unit (hereafter, ''unit R'') overlies additional layered material that is revealed, in part, through a bench and west-and southwest-facing scarp (B in Figure 1a ). This sequence (''unit B''), overlies a unit of similar thickness that also produces an escarpment (A in Figure 1a ; ''unit A''). Units R, B, and A lie horizontal (or nearly so); the thickness of A and B is estimated from MOLA observations of the scarp heights; A is $230 m thick, B $ 210 m. The topographic map reveals a fourth unit, manifested by a 22-km-diameter crater at 7.2°N, 1.8°W (crater 5 in Figure 1 ) with ejecta that lies upon a surface that is $200 m above outcrops of unit R. Some of the 200 meters of pedestal- forming material (''unit P'') is also layered (Figure 3h) . All of the units have nearly the same thickness; unit R is $190 m thick based on the elevation of the bottom of unit P and top of unit B. Additional strata may lie below unit A, but the surface expression of the material overlain by unit A reveals no details regarding the geology below that surface.
[9] The photomosaic and topographic maps yield additional stratigraphic information. The continuity and extent of the lowermost units (A, B, and R), suggest the uppermost, pedestal-forming unit (P) was once much more extensive, potentially covering the entire region, yet it has been mostly removed. The topographic map shows that the 35-km-diameter crater at 4.1°N, 5.3°W (crater 3 in Figure 1 ) and the 33-km-diameter crater at 7.0°N, 7.0°W (crater 2 in Figure 1 ) have ejecta deposits that lie between units B and A. In addition, the northwest rim of the 55-km-diameter crater at 6.0°N, 4.6°W (crater 4 in Figure 1 ) lies below unit R and is buried. Also noteworthy: the east rim of the crater with spectacular repeated beds at 8°N, 7°W (crater 1 in Figures 1, and 3a) lies below all units except A.
Discussion and Conclusions
[10] The light-toned, layered materials of northern Sinus Meridiani can be traced into the heavily-cratered terrain of Arabia Terra; this suggests the materials represent a depositional environment of at least regional scale. A specific stratigraphic sequence, summarized in Figure 4 , is evident. Because the layers lie approximately horizontal, the colors in Figure 1b , viewed in concert with the stratigraphic Figure 1 . Unit designations P, R, B, and A, are described in the text. Layers are known from MOC narrow angle images to occur among some of the strata in unit P; layers also occur in unit R. Unconformities might occur between each of the four units, but the two indicated are the only ones thus far confirmed by combined MOC, MOLA, and Viking observations. The units are horizontallybedded; the colors correspond to topography in Figure 1b . column in Figure 4 , provide (except raised crater rims) a first-order geologic map. Unconformities, representing periods of erosion and/or nondeposition, occur between (and within) some of the units; this suggests the materials record a long, dynamic history. The sizes of the larger interbedded craters, together with their close proximity and exhumation relationships, suggest the geologic record is very ancient. The stratigraphic observations show very clearly the interbedding of impact craters, in this particular region with diameters up to 60 km, within 800 m of the upper martian crust. This study demonstrates that the upper crust is best described as a layered, cratered volume.
[11] Finally, we note that >600 m of strata are higher than the east rim of the crater at 8°N, 7°W (crater 1 in Figure 1 ). This observation, critical to understanding the origin of the intracrater sedimentary rocks described by Malin and Edgett [2000] , indicates that this relatively large crater may once have been buried, just as the similar-sized crater 4 in Figure  1 remains partly buried today. The repeated layers in crater 1 (Figure 3a) , and in other craters across Arabia Terra, have no counterpart in the layered intercrater plains; they represent a different depositional environment. The materials comprising these repetitious beds may have been transported to these craters through conduits (fluvial processes) or along pathways (eolian processes) that occurred within or above strata that were subsequently removed.
